torsion angles ϕ and ψ were modeled as a single von Mises distribution, 23 which yielded two parameters, the mean position and the circular 24 standard deviation (CSD) for each angle. The NMR-derived rotamer populations were compared to those obtained from 1 μs was employed for all others (Scheme 4).
142
IIB. NMR Spectroscopy. H} NMR spectra were 150 collected with a ∼12 800 Hz spectral window and ∼5 s recycle 151 time, and FIDs were zero-filled to give final digital resolutions 152 of <0.05 Hz/pt. FIDs were processed with resolution 153 enhancement (Gaussian or sine-bell functions) to improve 154 resolution and facilitate the measurement of small J-couplings 155 (≥0.5 Hz), and reported J-couplings are accurate to ±0.1 Hz, 156 unless otherwise stated. Coupling signs were assigned by using 157 the projection resultant rule 54 and/or on the basis of those 158 determined from DFT calculations.
III. COMPUTATIONS

159
IIIA. Geometric Optimization of Disaccharides 2 and 160 4−14. Density functional theory (DFT) calculations were 161 216 and weighting them on the basis of the probability distribution 217 (relative population) of each conformer present in solution. For 218 an experimental J-coupling, J exp , that is sensitive to a specific 219 molecular torsion angle θ, this relationship can be modeled 220 using eq 1 where p(θ) is the probability at angle θ, and J(θ) is 221 the J-value associated with torsion angle θ. 
237
(1)
The computational approach models p(θ) trajectory frames were collected every 1 ps for a total of 1 μs.
340
One to four nonbonded interactions were not scaled, 97 and a Table 1 were chosen for study with the expectation that In contrast, the ensembles of ψ-dependent J-couplings in 383 disaccharides 2 and 4−14 differ significantly (Table 1) , 384 allowing a classification into three groups based mainly on 385 the values of 3 J C1′,C3 and/or 3 J C1′,C5 . Group I disaccharides 386 (containing 2 and 4−11) have the same configurations at C3 387 and C5, and neither the configuration at the anomeric carbon 388 bearing the OCH 3 aglycone nor the configuration at C2, C2′, 389 C4′ or C5′, affect the conformational properties of the β-(1→ 390 4) linkage. Removal of the sterically demanding exocyclic 391 hydroxymethyl (CH 2 OH) side chain at C5, however, triggers a 392 major change in conformation about ψ (e.g., compare 2 and 393 13). This change is unaffected by configuration at C2′; 394 disaccharides 13 and 14 comprising Group III give similar ψ-395 sensitive J-couplings despite their different C2′−O2′ bond 396 orientations. The ψ-sensitive J-coupling ensemble for 12 397 (Group II) contains a 3 J C1 ′ ,C5 value that is 1.0 Hz larger than 398 those observed in Group I disaccharides, and a 3 J C4,H1 ′ value 399 that lies between those observed for the disaccharides in 400 Groups I and III, indicating that configuration at C3 influences 401 the conformational preference of ψ in solution. 402 As shown above, qualitative inspections of ϕ-and ψ-403 dependent J-coupling ensembles allow O-glycosidic linkages to 404 be classified on the basis of linkage conformation, which is 405 difficult to achieve by existing experimental methods. In the 12 406 β-(1→4) linkages studied, this classification was based solely on 407 ψ, because conformational behaviors about ϕ were essentially 408 identical in this set of linkages. Disaccharides such as 2 and 4− 409 14 provide conformational information on "isolated" β-(1→4) 410 linkages. When embedded into larger oligosaccharides, these 411 linkages will be influenced by additional structural factors that 412 may favor different conformations from those found in the 413 simple disaccharide. Importantly, simple qualitative inspections 414 of ϕ-and ψ-sensitive J-coupling ensembles quickly reveal within ∼2 kcal/mol of these structures. 99 In one case (13), a ϕ J C1′,C5 . Equations for a given J-coupling were then Figure S4 (Supporting Information). Values of ϕ and ψ extracted from these plots were reduced by 120°to convert them to the conventional definitions of ϕ and ψ used in the table.
The Journal of Physical Chemistry B (Figure 2A) . The 478 magnitude of the latter dispersion varies with ψ, with the 479 greatest dispersion observed at ψ = ∼ 120°(i.e., in geometries 480 in which C1′ and C5 are eclipsed). Values of ψ near 120°are 481 rarely, if ever, adopted by β-(1→4)linkages; for example, at ψ = 482 120°, the exocyclic CH 2 OH side-chain in the βGlcp residue of 483 2 is in close proximity to O5 of the βGalp ring, destabilizing 484 this conformation. Linkage geometries with ψ near 120°4 85 produce strain in geometry-optimized structures, leading to 486 perturbations in the calculated J-couplings and to the increased 487 ϕ-induced dispersion at ψ values near 120°in Figure 2A . 488 The effects of the above-noted structural perturbations on 489 parametrized equations were reduced by using calculated J-490 couplings in geometry-optimized structures of disaccharides 2 491 and 4−14 within 10 kcal/mol of the global energy minimum 492 structures found in DFT-derived potential energy surfaces. A 493 secondary constraint was applied to remove structures 494 containing an aldopyranosyl ring that was distorted significantly 495 value of ϕ or ψ may be greater than previously thought. 520 535 terminal hydroxyl group on C2′ is equatorial, a generalized 536 equation was derived from the data on these nine structures (eq 537 3). Disaccharides 8 and 14 bear axialhydroxyl groups on the 538 terminal C2′ carbon of the coupling pathway, which causes a 539 ∼10°shift in the curves relative to those observed for 540 disaccharides bearing an equatorial O2′. Equations for 3 J C2′,C4 541 obtained for 8 and 14 were thus combined into a generalized 542 equation (eq 4). Disaccharide 11 bears no hydroxyl group at 543 C2′, and its removal affects the dependence of 3 J C2′,C4 on ϕ; for 544 example, the minimum in the curve at ϕ = ∼135°is located 545 between that for 3 J C2′,C4 (O2′ eq) and 3JC2′,C4 (O2′ ax) 546 ( Figure 3A) . A separate equation was parametrized to treat this 547 case (eq 5). amplitudes at ψ values of 120°and 300°( Figure 4A ). The 571 differences are attributed to the lack of a −CH 2 OH side chain 572 in 13 and 14 to which the coupled C5 is attached. Two 573 equations were parametrized to treat the pathways bearing a 574 −CH 2 OH substituent (eq 6) and those in which this 575 substituent is replaced by hydrogen (eq 7) ( Figure 4B ). Figure 5A ). An ∼15°phase shift in the curve is observed for 592 12 relative to those found for the remaining disaccharides. 593 These terminal electronegative atom effects were captured in 594 parametrized eqs 8 and 9 to treat J C1′,C4 is largely independent of ψ at 608 ϕ torsion angles of 0°± 60°, but a significant effect of ψ on 609 2 J C1′,C4 is observed at the remaining ϕ values. In the current 610 parametrization, the curves in Figure 6 were combined to give a 611 single generalized equation (eq 10), with the realization that 612 the effects of ψ are not encoded completely but with the 613 expectation that this limitation will not detract from its 614 usefulness in evaluating ϕ. The Journal of Physical Chemistry B Article terminal carbons in the coupling pathway (Figures 3 and 5) . J- 
28.0 ± 12.0 26.6 ± 13.5 0.31 −8.01 ± 6.9 18.3 ± 11.6 0.37 βGal1→4αGlc 4
29.0 ± 12.1 27.1 ± 14.2 0.30 −7.76 ± 6.7 15.9 ± 12.4 0.32 βGlc1→4βGlc 5 27.0 ± 11.7 27.5 ± 13.5 0.27 −8.03 ± 6.4 18.5 ± 11.9 0.30 βGlc1→4αGlc 6 27.0 ± 11.8 27.7 ± 13.5 0.26 −7.96 ± 6.4 17.8 ± 12.1 0.26 βGal1→4αMan 7
30.7 ± 12.1 25.7 ± 14.8 0.27 −6.50 ± 7.2 19.5 ± 11.2 0.30 βXyl1→4βMan 8 25.2 ± 11.3 22.2 ± 14.0 0.28 −8.09 ± 6.9 18.5 ± 11.6 0.32 βMan1→4βGlcNAc 9
30.4 ± 12.5 32.4 ± 14.5 0.40 −11.2 ± 6.4 15.0 ± 13.2 0.21 βGlcNAc1→4βGlcNAc 10 23.8 ± 12.1 22.0 ± 13.7 0.37 −12.9 ± 7.3 21. b Model parameters were determined using DFT-derived equations obtained without application of a 10 kcal/mol cutoff (see text). Figure 11 . Single-state von Mises models of ψ for disaccharides in Groups I−III. Distributions were determined using the generalized DFT-derived eqs 3−11 and the average experimental J-couplings in each group (Table 1) Table 5 . Table 5 for CSDs. 
